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Executive summary 
This document provides the technical background and project’s final demonstration rationale, reviewing the 

status of each component, the conceptualization of the technology developed and the organization of the 

online demonstrator stages, providing a complete update to ease its comprehension. 

The final demonstration will display an upgraded version of the first one presented in Periodic Technical 

Report II and demonstrated at DPZ’s facility. The first demonstrator showed an early implementation of the 

neural decoder mainly being based on a software version, which communicated with an early version of the 

smart cabinet via local network. A decoder version for the FPGA was compiled and transferred to the device 

by hand. Furthermore, the experimental setup was the walk-and-reach task without external distractors.  

In the second and final demonstrator, we will show improvements on the signaling pipelines and 

demonstrate the robustness of the Plan4Act architecture against external distractors. In particular, the FPGA 

device now automatically updates the implemented decoder network using by means of an Edge 

architecture. Moreover, we will demonstrate not only local communication with the smart cabinet, but also 

a working communication pathway with the smart home via internet using the Living Lab Gateway. Finally, 

we show that our decoder network can also robustly decode a version of the walk-and-reach task with an 

external distractor in form of a wall with a tunnel, which needs to be passed through while performing the 

action sequence. The latter provides the main difference to the first demonstrator as already described in 

the DoA. 

  



1. Current state 
 

To bring context and resources to the reader, all Plan4Act components mentioned in the subsequent sections 

are briefly explained here. Experimental setting and the demonstration milestones are also discussed. More 

details of specifications and interconnections of elements and components please deliverables D1.1, D.3.2, 

D3.3, and D4.5. Figure 1 shows a comparison between the pipelines of demonstrator 1 and demonstrator 2 

and included components. The main differences are found at the embedded decoder and the external 

distractor in the experiments (not shown). Furthermore, for demonstrator 2, the connections between and 

used commands for devices at the Smart House will be demonstrated. 

 

 

Figure 1. Demonstrator 1 and 2 pipelines comparison. Source: Deliverable D3.3 

 

1.1. Brain signal sources 
Demonstrator 2 is based on the walk and reach task. In this task, the monkey has to perform a sequence of 

actions that is initialized by pressing two floor-mounted start buttons to initiate the trial. The cage contains 

four close-reach targets, which the monkey can reach immediately from the starting position, and four far 

targets, to which the monkey has to walk. During the trials, one of the targets is transiently illuminated to 

mark it as the rewarded target of the respective trial. Then, the monkey has to remember the target until a 

go cue indicates that he can start to move and execute the required actions. The onset of movement is then 

detected by the release of the start buttons (in Figure 2, the “A” marked target in the lower right image). The 

touch target senses target reaches and if the correct target is reached, the monkey is being rewarded. In 

some trials a transparent wall is introduced between starting position and far targets (these correspond to 

Test 2, better described in section 2.2). Within the wall is a tunnel through which the monkey reach the 

targets. During the execution of the task, spiking data is recorded by multi-electrodes and send wireless to 

the Blackrock Cerelink server (see D1.1-D1.3 for more details). 



Controller 

The controller system has been adapted to be able to cope with the computational demands of manifold 

realignment (matrix transformations that enable the re-use of trained decoder with signals affected by day-

to-day variability; see D2.4 for more details), signal decoding and translation to smart devices commands. 

Briefly, PCA+CCA iterative updates are performed via software to save embedded memory and, once enough 

data has been gathered to update the transformation matrices, this information is downloaded to the 

controller. Specifically this modifies the neural network’s input weights. As data storage and calculation of 

transformation matrices is done on a central CPU, the FPGA serves as an edge device. The mentioned CPU 

could be located at the Smart Home and be used to gather data and perform demanding calculations without 

altering the classification pipeline, which has priority to receive UDP packages of data and decode them. The 

complete information flow is shown in figure 3. 

 

 

Figure 3. Edge approach and support system for data processing and manifold realignment. Source Deliverable 
D3.3. 

Figure 2. Experiment with Reach Cage 
Figure 2. Reach Cage experimental setup. (Left) Blackrock Cerelink Wireless Neural Recording set.(Upper-Right) 
Reach Cage set up for walk and reach tasks. (Lower-right) Walk and reach task sequence. 



1.2. Living Lab Gateway and Smart Home KNX® and IoT devices. 
As shown in figure 4, to centralize the control over the Smart House devices ecosystem, the Living Lab 

gateway provides access to them ensuring security and user authentication, as well as a low cost of 

interfacing for third parties (i.e., translation efforts to control any device from FPGA).  

 

Figure 4. Living Lab Gateway schematic representation. 

As described in deliverables D4.2, D4.3, and D4.5, the Smart House is composed of several devices from 

different domains and commercial brands and is using diverse communication protocols. Lights, doors, 

windows, water fountain and others are wired devices and controlled with proprietary technology, while 

other sensors, cameras, smart devices (e.g., Alexa and Google Home) and the Smart Cabinet are IoT devices. 

The main purpose of the Living Lab Gateway is to ease the access to all these under a unique communication 

protocol (REST API using HTTP) and abstracting all of them by adding semantic meaning to their description, 

thus making it effortless for external users to consume and combine them into, for example, a sequence of 

actions translated from monkey’s brain signals. The idea is to think of the Living Lab Gateway as a universal 

tool which can reach a high level of abstraction of devices for any external controller, providing the means 

to combine actions, subscribe to events, log / retrieve data (i.e., from sensors) and produce services based 

on the installed infrastructure. Thus, in the future, when our controller is no longer processing a macaque’s 

brain signals and, instead, processes human-related feature vectors (composed from voice commands, 

neural signals, EEG signals, indoor behavior analysis, or a combination of all), the entire ecosystem will be 

easily repurposed to serve this ideal use case. 

 

 

 



2. Final Demonstrator 
The final demonstration will not be executed in a live session. Instead, we will present videos and slides that 

demonstrate the achievement of our project goals. This will happen in three major parts. The first part of the 

demonstrator will be a step-by-step demonstration of the information flow and each component’s role in 

the decoding pipeline: 

 the neural signal wireless extraction from the animal, 

 the online processing of data, 

 the feature vectors retrieval by the FPGA and/or the supporting computer system, 

 and, finally, the commands emission and execution by either the Smart House installations or IoT 

devices (i.e., the Smart Cabinet).  

 

Figure 5. Schematic of Demonstrator 2 components and signalling pathways. 

Due to currently applying travel restrictions (COVID-19 pandemic), this signal flow can only be demonstrated 

by means of a videos, which will be recorded by partner SDU using a prerecorded stream of neural data and 

with a human operating a virtual version of the Smart Cage. After the review of the system’s structure and 

information flows, the internal processes and communication protocols will be addressed and demonstrated. 

The next two parts of the demonstrator will show experiments for Test 1 and 2, which demonstrate the 

performance of the technology implemented in Plan4Act. 

2.1. Demonstrator Part 1: Test 1 implementation 
Briefly explained, Test 1 will be performed in the Smart Cage by contrasting an ABC sequence of actions 

versus an ABD sequence. The plan about the upcoming execution of action C versus D should be visible in the 

neural activity patterns during actions A or B. This test can be mapped to the walk-and-reach task. Here, 

action A corresponds to touching the start buttons during a waiting period, action B to walking and action 

C/D to reaches to different far targets. Consequently, the decision on the planned reach target should be 

visible during the waiting period (or the walking action). 



 

Figure 6. (Upper left) The progression of walk-and-reach trials leads to the emission of a defined sequence of signals 
by the task controller, which are used to trigger classification/decoding. (Lower left) The feature vector for 
classification is constructed from neural data in a time window around a task controller signal (here movement 
onset). (Right) Signal/information flow within the hardware device. 

 

Figure 6 shows how each trial in an experiment with this task progresses. For each stage transition during the 

trial, the smart cage emits signals, which are broadcast and received by the FPGA (Experiment Events). On 

the other hand, also neural recordings are broadcast and received by the FPGA. The event-signals are then 

used to trigger the collection of feature vectors from neural data that are used for classification. Based on 

the results of this classification, the FPGA then produces commands for the smart devices.  

During the course of the demonstrator (monkey performance on each trial and classification accuracy), to 

visualize the outcome of the experiment in real-time, a more graphical and condensed representation of all 

the above-explained processes will be shown, as illustrated in Figure 7.  

Different video cuts will be displayed to show the (pre-trained) decoder’s performance before and after 

applying the updates to adapt to new data, also showing performance evolution as new data comes in from 

the experimental setting. 

Finally, the analysis of test 1 will be shown and discussed compared to offline analyses (Figure 8).  

 



 

Figure 7. Real-time signal plot, experiment status and classification results and evolution. (Left) Spike raster plot of 
incoming neural data. (Mid Left) Trial information broadcast by the reach cage. Grey circles mark possible targets and 
yellow circle the cued target. Black x marks prediction of the decoder network if available. (Mid right) Upper panel 
marks the temporal progression of the trial stages. Red bar marks the proactive gain. Lower panel is a histogram of 
the proactive gains in all previous trials. (Right) Upper panel reports statistics of the currently employed classifier. 
Lower panel marks the time development of classifier accuracies in previous classifiers. 

 

 

Figure 8. Comparison of classification accuracy in offline analyses (left) and online decoding (right) 

 

2.2. Demonstrator Part 2: Test 2 implementation  
This experiment is used to test protocols ABXE versus CDXF with X being an external “distractor” (see DoA 

for more details): The decision about E versus F should be unaffected by X and visible in the neural activity 

during AB (or CD). 

The main difference between Test 2 and Test 1 lies in the configuration of the experiment.  Again, the Smart 

Cage will be used and a new element – a tunnel – will be included to force changes in the way the agent 

(macaque) plans the actions to achieve the goal and receive a reward. Thus, passing through the tunnel will 

be considered as the distractor X for our test 2. Please note that we consider here a higher complexity in the 

task as in the original proposal, as we will have the same actions before the distractor. Namely, our final 

experiment has the structure of ABXC versus ABXD. 

Decoding pipeline and internal configuration of the hardware controller will be the same as during Test 1 

described before. The neural decoder will already be trained and realigned using preceeding trials without 

tunnel (thus, ABC/D) and then be used on ABXC/D trials without any changes. Thus, it will be shown that our 

decoding performance is not affected by the introduction of novel components or distractors in the 

experimental setting. Note, however, that the decoder will also continue to update itself by the manifold 



realignment mechanism explained before, such that the performance on trials with distractor will improve 

further with more trials. 

Also in this case, the demonstration sequence ends with a comparison to offline analyses, which provide an 

overview on the dependence of the decoding performance on parameters of the decoding pipeline, which 

led to the design choices taken for test 2. 

3.  Final demonstrator deviations rationale 
Initially, it was planned that demonstrator 2 would be based on the BPRIME-task (D1.3). This task had been 

specifically designed to have a broader variety of possible three step action sequences by being able to vary 

the intermediate action B and requiring more complex movements. Along this line, a physical 

implementation of this task, the BPRIME object, in which the agent rotates a cylinder and then reaches into 

either an upper or lower pocket, had been specifically designed as an object that is suitable for monkey 

interaction, but also provides a meaningful mapping to human actions in form of the smart cabinet. The 

BPRIME object has been build and monkey training on this task has been conducted by partner DPZ 

(Deliverable D1.3).  

However, at the current stage of training, predictive information on the final reach target only becomes 

available around the onset of the final action (see deliverable D2.4). Thus, in these experiments, the trade-

off between the classification accuracy and the proactive gain is much stronger than for the walk-and-reach 

task. Due to this stronger trade-off, the proactive gain for the BPRIME task at decent becomes less obvious 

to show. A possible reason may be that the BPRIME (and generally the PSAS) action sequence uses actions 

of similar type (arm movements for rotation and pocket reaching), while the walk-and-reach task uses 

different action types (walking and reaching). However, the underlying reasons for this difference are an 

interesting question that will be further pursued by the consortium and provide a scientific outcome of the 

Plan4Act-project.  

Moreover, there were various pandemic-related and unrelated problems with monkeys learning to plan 

ahead in the BPRIME task, which led to delays in data acquisition for distractor conditions in this task. Thus, 

it was not possible to conduct test 2 using the BPRIME object, which is, however, central for this 

demonstrator.  

Due to these reasons, we decided to conduct the final demonstrator using the walk-and-reach setup, which 

had already been used for demonstrator 1. 

Please note that the BPRIME task is not part of the DoA. It provides additional work done by the consortium 

based on previous results from the Plan4Act-project (see PTR II). Thus, showing demonstrator 2 by using the 

walk-and-reach task in the Smart Cage adheres to the originally planned work (see DoA). 

  



4. Conclusion 
This document introduces the main aspects of the complete setup that will be shown during the final 

demonstration of this project. The consortium has re-designed the final event to cope with the restrictions 

imposed by the COVID-19 pandemic, which made it unviable to perform a full-live demonstration. Further 

details of the different components and reasoning are provided in previous deliverables and will also be 

discussed in the PTR III. 


